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We study the generation of electronic ring currents in the presence of nonadiabatic coupling using circularly
polarized light. For this, we introduce a solvable model consisting of an electron and a nucleus rotating
around a common center and subject to their mutual Coulomb interaction. The simplicity of the model
brings to the forefront the non-trivial properties of electronic ring currents in the presence of coupling to the
nuclear coordinates and enables the characterization of various limiting situations transparently. Employing
this model, we show that vibronic coupling effects play a crucial role even when a single E degenerate
eigenstate of the system supports the current. The maximum current of a degenerate eigenstate depends
on the strength of the nonadiabatic interactions. In the limit of large nuclear to electronic masses, in which
the Born-Oppenheimer approximation becomes exact, constant ring currents and time-averaged oscillatory
currents necessarily vanish.
I. INTRODUCTION
Electronic currents triggered by circularly polarized
light in ring-shaped molecules1–10 and materials11–13
have become a subject of much interest due to their po-
tential applications in optoelectronics14, e.g. as a plat-
form for fast switching qubits13. Recent advances in
femto- and attosecond laser technology15,16 have moti-
vated theoretical investigations on the generation of elec-
tronic ring currents in time-scales comparable to the
fastest vibrational dynamics in molecules9,10,17. It is now
well established that ultrashort laser pulses with a suffi-
cient bandwidth can trigger the migration of electronic
charge across molecular structures in attosecond time-
scales18–21. Ultrafast charge migration implies the super-
position of electronic states with relatively large energy
gaps between them, which often feature very different
potential energy surfaces. Hence, after the electrons are
set in motion, nuclei quickly respond to the electronic
excitation and inevitably lead to decoherence22,23 and
electronic energy relaxation through vibronic coupling
effects24,25. On the other hand, circular ring currents
require the presence of doubly degenerate E electronic
components, present in molecular systems with at least
a 3-fold or higher symmetry axis, and one may be lead
to believe that the coupling between electrons and nuclei
and the corresponding vibronic coupling effects will not
substantially affect the laser-triggered electronic circula-
tion in these systems.
Up to now, most theoretical studies on the genera-
tion and control of ring currents by applying circularly
polarized laser fields have not considered vibronic cou-
pling effects1–9,11–13. The relevant time-scales for these
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currents are at least tens of femtoseconds. Therefore, it
is inevitable that vibronic effects will influence to some
extent the electronic dynamics24,25: it has been reported
that the build up of strong correlations between electrons
and nuclei can take as little as 1 to 2 fs in the vicinity of a
conical intersection26. Previous studies by Kanno et. al.
considering vibronic effects on electronic currents focused
on systems without actual state degeneracy and instead
described currents triggered by linearly polarized light
in chiral systems10,27,28. In these systems, the currents
achieved are oscillatory because of the different energy of
the eigenstates involved.
The purpose of the present work is to unravel the spe-
cific role of vibronic coupling effects in the generation
of sustained ring currents by circularly polarized light in
systems with two degenerate circulation directions. Ow-
ing to their stationary nature, constant currents must
be necessarily supported by a very small number of en-
ergy eigenstates of the complete molecular Hamiltonian,
even only one, which belong to degenerate pairs. Even
in cases where only one eigenstate is involved, we will
discuss how vibronic effects can be very significant and
can lead to an almost complete suppression of the ring
current. We will also establish the general requirements
and laser pulse properties needed in order to achieve ei-
ther stable and sustained currents, or highly oscillatory
ones. To this end, we consider a model system consisting
of two concentric rings, the innermost one constraining
the motion of a positively charged atomic nucleus, and
the outermost one constraining the motion of an elec-
tron around a common center. The two rings lie on
the (x, y)-plane and the laser field is assumed to propa-
gate perpendicular to the plane of the particles along the
z-direction. Despite its simplicity, this ring-ring-model
(RRM) fulfills two key characteristics: first, it captures
the fundamental features of molecular systems that are
able to present circular electronic currents with two de-
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2generate rotation directions and second, it captures the
effect of the coupling to the nuclei. On the one hand,
the RRM consists of a rotational axis of at least third
order, resulting in doubly degenerate vibronic states of
an E symmetry representation within the corresponding
point group. On the other hand, it features a nuclear
coordinate that breaks this symmetry for the electronic
subsystem if fixed at an arbitrary point in nuclear config-
uration space. The model represents a class of vibronic
coupling phenomena resulting from either Renner-Teller
(RT)29 or Jahn-Teller (JT)30 effects, in which the nuclear
motion of appropriate symmetry couples the doubly de-
generate electronic states of E symmetry. The RRM in-
cluding an external laser field is considered numerically
exactly without invoking the BO approximation. More-
over, several of its important features can be understood
based on analytical considerations. We also show how the
Hamiltonian of the RRM can be expressed as a vibronic
coupling Hamiltonian (VCH)31 in a diabatic electronic
basis, which is an exact representation as well. This fact
underpins an important observation, namely that a VCH
provides the necessary theoretical framework to describe
electronic ring currents under nonadiabatic couplings be-
tween electrons and nuclei.
II. THEORY
In the following we introduce the RRM system and
some theoretical considerations. The electronic and nu-
clear motion are constrained to two concentric rings of
fixed radii r and R, respectively, lying on the (x, y)-plane.
The electronic and nuclear angular degrees of freedom
are denoted by θ and α, respectively. The total Hamil-
tonian including the light-matter interaction term within
the semiclassical dipole-approximation32 reads
Hˆ = Hˆmol − µ ·E(t) (1)
= Tˆα + Tˆθ + Vˆ (α, θ)− µ ·E(t)
with kinetic energy (KE) terms
Tˆγ = − ~
2
2Iγ
∂2
∂γ2
γ → (α, θ) (2)
and moment of inertia Iγ = mγr
2
γ with rγ → (R, r) and
mγ → (M,m). HereM andm are the mass of the nucleus
and electron, respectively. The Coulomb interaction of
the electron and the nucleus is then given by
Vˆ (α, θ) =
−Qe2√
(r cos θ −R cosα)2 + (r sin θ −R sinα)2
(3)
=
−Qe2√
(r2 +R2 − 2rR cos(θ − α)
=
−Qe2√
(A−B cos(θ − α) ,
whereQ is the charge of the nucleus and the A and B con-
stants are implicitly defined. Although the 2D Coulomb
interaction can be handled numerically in the solution
of the time-dependent Schro¨dinger equation (TDSE), we
introduce here a second order approximation to the in-
teraction similar in spirit to a multipolar expansion,
namely the potential is expanded to second order around
cos(θ− α) = 0. This approximation is very good as long
as the radius of the outer ring is several times larger than
the inner ring, as in our case, and leads to the interaction
potential
Vˆ (α, θ) = v0 − 1
2
κ1 cos(θ − α)− 1
4
κ2 cos
2(θ − α). (4)
with v0 = −Qe2/
√
A, κ1 = Qe
2B/A3/2 and κ2 =
3Qe2B2/2A5/2. The first term v0 is the constant charge-
charge interaction, which is subtracted from the poten-
tial in the following. The term proportional to cos(θ−α)
couples the doubly degenerate electronic states with the
nondegenerate ground electronic state, whereas the term
proportional to cos2(θ − α) couples directly the dou-
bly degenerate electronic states. This expansion of the
Coulomb interaction facilitates the analytical description
of the electron-nucleus interaction terms and of the an-
gular momentum transfer among the two subsystems. In
the numerical simulations of the RRM system the pa-
rameters are ( r = 20, R = 1, m = 1, M = 2000, Q = 1),
all in atomic units, unless otherwise specified.
We introduce now a Born-Huang (BH) expansion33 of
the nuclear-electronic wave function ψ(α, θ) as is custom-
ary in the description of nonadiabatic effects in molecu-
lar systems. A convenient diabatic electronic basis are
the eigenstates of the uncoupled electron, Tˆθ, given by
ϕl(θ) = e
ilθ/
√
2pi, resulting in the wave function
ψ(α, θ, t) =
L∑
l=−L
χl(α, t)ϕl(θ) =
L∑
l=−L
χl(α, t)
{
1√
2pi
eilθ
}
,
(5)
where the population of each electronic state follows
from the norm-squared of the nuclear amplitude Pl(t) =
〈χl(t)|χl(t)〉. In the discussion below it will be some-
times useful to expand the nuclear wavepackets in the
basis of eigenstates of the uncoupled nuclear coordinate,
χl(α, t) =
1√
2pi
∑ν
k=−ν a
l
k(t)e
ikα. The matrix representa-
tion of the vibronic coupling Hamiltonian (VCH) with
potential matrix elements 〈ϕl′ |(Hˆmol− Tˆα)|ϕl〉 for L = 1,
i.e. in the space of electronic eigenstates with quantum
numbers l = {−1, 0, 1}, reads
H = TˆαI3×3 +
 ~
2
2Iθ
κ1
4 e
iα κ2
16 e
2iα
κ1
4 e
−iα 0 κ14 e
iα
κ2
16 e
−2iα κ1
4 e
−iα ~2
2Iθ
 (6)
where I 3×3 is the 3 × 3 unit matrix. The resulting cou-
pling scheme in the VCH follows transparently. The di-
abatic electronic state with l = 0 couples with the l = 1
and l = −1 states in first order, and this interaction
3changes the angular momentum of the nuclear coordinate
α by ±~. On the other hand, the l = +1 and l = −1
states are directly coupled among each other in second
order which changes the angular momentum of the nu-
clear coordinate α by ±2~. The present model is similar
in spirit to that considered by Longuet-Higgins30 except
for the fact that our model has an interaction potential
with a periodicity of 2pi from the perspective of the elec-
tronic coordinate, whereas that of Longuet-Higgins has a
periodicity of pi, namely it is proportional to cos(2θ−α).
The pi periodicity of the Longuet-Higgins model results in
the direct interaction between the degenerate electronic
E components already in first order, which corresponds
to JT-type coupling30. In the taxonomy of JT and RT
models, the RRM resembles a RT Hamiltonian, charac-
terized by 2nd-order coupling terms, featuring both direct
and indirect coupling of the degenerate electronic compo-
nents. This fact makes it amenable to comparisons with
general vibronic coupling situations in molecules.
The VCH in Eq. (6) provides a complete representation
of the electronic-nuclear coupling of the system within
the selected group of electronic states and under the cou-
pling potential in Eq. (4). It has a similar structure com-
pared to a molecular VCH with a Cn symmetry axis of at
least order n = 3, where always doubly degenerate states
of an E symmetry representation are present34. Only
the nuclear dependency of the coupling terms has a sim-
pler structure than in molecular cases, where for example
other coupling and tuning nuclear coordinates would be
present31. In the same way as the real-valued px and py
orbitals of an atom, the real ϕEx and ϕ
E
y electronic states
of a molecular system can be combined to yield electronic
states ϕE± ∝ ϕEx ± iϕEy , featuring a net current; these are
analogous to the l = +1 and l = −1 diabatic electronic
states of the RRM model.
It is convenient in the following to introduce as a basis
the product of electronic and nuclear angular momentum
eigenstates |k, l〉 (with 〈α, θ|k, l〉= 12pi eikαeilθ), where k
and l are the angular momentum quantum numbers of
the electronic and nuclear degrees of freedom, respec-
tively. The coupling between pairs of |k, l〉 basis states
follows from simple integration of these with the interac-
tion potential in Eq. (4):
〈k′ , l′ |Vˆ (m)(α, θ)|k, l〉 = βm
(
1− S(k − k′)S(l − l′)
)
δ|k−k′ |,mδ|l−l′ |,m, (7)
where m=1, 2 and β1= κ1/4; β2= κ2/16 and the function
S(z) returns the sign of its real argument modulo one.
The presence of the sign functions S(k−k′) and S(l− l′)
restricts the coupling to the cases in which the angular
momentum quantum number of electron is increased by
~m while that of nucleus correspondingly is decreased by
~m, or vice versa. Therefore it is meaningful to introduce
the quantum number q = k + l, which is conserved by
the vibronic coupling, and to note that the total Hamil-
tonian separates into blocks according to the value of q.
The last term in Eq. (1) describes the matter-light in-
teraction with dipole µ = −r(x cos(θ) + y sin(θ)) (the
nuclear contribution to the dipole can be safely neglected
because the fields applied are not resonant with direct
transitions in the nuclear coordinate) and electric field
E(t) = xEx(t) + yEy(t) terms, where u is the unitary
polarization vector pointing in the u-direction. The elec-
tric field of the laser pulses Eu(t) is derived from the
vector potential
Au(t) =
E0
ω
S(t) sin(ωt− φu) (8)
as Eu(t) = −∂Au(t)/∂t, where we use a sine-squared
envelope function S(t) = Θ˜(t− τ) sin2 (pitτ ). E0, τ and
ω are the maximum amplitude, pulse duration (start to
end) and carrier frequency of the pulse, respectively, and
Θ˜(t−τ) is the inverse Heaviside step function. We take all
pulse parameters for both (x, y) polarization directions to
be equal except for the φx and φy phases. A right cir-
cularly polarized pulse (RCP) corresponds to the phases
(φx = pi/2, φy = 0) and a left circularly polarized pulse
(LCP) to the phases (φx = 0, φy = pi/2).
A. Ring currents under vibronic coupling effects
The electronic component J (θ)(α, θ, t) of the total wave
function current at coordinates (α, θ) follows from the
continuity condition of the probability density35 and is
given by
J (θ)(α, θ, t) =
1
Iθ
Re{ψ∗(α, θ, t)lˆθψ(α, θ, t)}, (9)
where lˆθ= −i~∂θ. The electronic component of the cur-
rent as a function of the nuclear coordinate(s) is of not
much practical use. In actual applications, one needs
instead the electronic current averaged over the nuclear
coordinates, which in the present model reads
Je(θ, t) =
1
Iθ2pi
∫ 2pi
0
J (θ)(α, θ, t)dα. (10)
Using the Born-Huang expansion, Eq. (5), with Eqs. (9)
and (10), one arrives at the following expression for the
nuclear-averaged electronic current:
4Je(θ, t) =
1
Iθ2pi
∫ 2pi
0
[
L∑
l=−L
~l|χl(α, t)|2 + <
{
L∑
l′=−L
L∑
l=−L
(1− δl′l)~lχ∗l′(α, t)χl(α, t)ei(l−l
′)θ
}]
dα. (11)
The first term in the above equation is θ-independent
and describes the contribution of the l-th electronic state
to the overall ring current. The second term is a fluctu-
ating contribution originating from the interference be-
tween the l-th and l′-th electronic basis states at a given
nuclear geometry α. This fluctuating component along θ
vanishes when integrating Je(θ, t) over the closed path of
the electronic coordinate due to the imaginary exponen-
tial term. Thus, averaging over the nuclear coordinate
and integrating over the electronic closed path one arrives
at the expression for the net time-dependent electronic
ring current
Je(t) =
1
4pi2Iθ
∫ 2pi
0
Je(θ, t)dθ =
~
4pi2Iθ
L∑
l=−L
lPl(t). (12)
where Pl(t) =
∫ 2pi
0
|χl(α, t)|2dα. This expression for the
net ring current tells that the contribution of the l-th
electronic-current state is proportional to the correspond-
ing population, namely the nuclear coefficient squared in
the BH wave function expansion. This simple expression
is reached because our electronic diabatic basis consists,
for convenience, of complex-valued current eigenstates in-
stead of their real-valued linear combinations. In a molec-
ular calculation one would introduce the corresponding
ϕE± diabatic electronic-current states to arrive at an anal-
ogous expression for the net ring currents.
Equation (12) illustrates how the creation of a stable
imbalance of the population (the norm of the nuclear
wavepackets) of the current components corresponding
to opposite directions (i.e. l = ±1 in the model) results
in an electronic ring current. If the population imbalance
is stationary, so is the corresponding current. If, on the
other hand, the electronic-current state populations vary,
which can only be the result of either nonadiabatic cou-
plings or interactions with an external electromagnetic
field, the net electronic ring current Je(t) varies in time
as well.
The coupling terms in Eq. (7) illustrate the basic mech-
anism of the electronic-nuclear interactions affecting ring
currents, which consists of the exchange of angular mo-
mentum between the electron and the nucleus. Accord-
ing to Eq. (7) and restricting the electronic subspace to
l = {−1, 0, 1} as above, the basis state |k, 0〉 couples only
to the states |k+ 1,−1〉 and |k− 1,+1〉. The three basis
states |0, 0〉, |1,−1〉 and |−1, 1〉 result in a 3×3 Hamilto-
nian matrix with q = 0 that upon diagonalization yields
three non-degenerate vibronic eigenstates (eigenstates of
the complete nuclear-electronic Hamiltonian)
|j0〉 = cj0−1,1| − 1, 1〉+ cj00,0|0, 0〉+ cj01,−1|1,−1〉, (13)
where the notation |jq〉 is used for the vibronic states.
The expansion coefficients obey |cj0−1,1| = |cj01,−1| on sym-
metry grounds. Therefore, not surprisingly vibronic
eigenstates with q = 0 feature no net electronic current.
The operation of reversing the sense of circulation of all
particles, (k → −k, l → −l), is closed within the ba-
sis states, and the corresponding eigenstates belong to a
completely symmetric representation.
On the other hand, the doubly degenerate vibronic
states originate from the two blocks with quantum num-
bers ±q and |q| ≥ 1. One such block, e.g., |k, 0〉,
|k + 1,−1〉 and |k − 1,+1〉 with q = 1, results in the
corresponding 3 × 3 Hamiltonian matrix which can be
diagonalized to yield the three non-degenerate states
|j1〉 = cj1k−1,1|k − 1, 1〉+ cj1k,0|k, 0〉+ cj1k+1,−1|k + 1,−1〉.
(14)
These vibronic eigenstates feature an electronic ring cur-
rent because, in general, |cjqk−1,1| 6= |cjqk+1,−1| and there-
fore they support an imbalance of the contribution to
each electronic current circulation direction.
Inverting the sense of circulation of all particles, q →
−q, results in the basis functions | − k, 0〉, | − k + 1,−1〉
and | − k − 1,+1〉 with q = −1. The diagonalization of
the corresponding Hamiltonian matrix yields the triad of
|j−1〉 states, degenerate one to one with the correspond-
ing |j1〉 eigenstates. Finally, the expansion coefficients
of the vibronic eigenstates |j1〉 and |j−1〉 are related by
cj1k±1,∓1 = c
j−1
−k∓1,±1 and c
j1
k,0 = c
j−1
−k,0.
We can already see through the general strategy to
generate a ring current under nonadiabatic electronic-
nuclear couplings. Stated in terms of eigenstates of the
complete Hamiltonian, it will consist in creating a popu-
lation imbalance within pairs of vibronic (not electronic)
states |jq〉 and |j−q〉. If each (jq, j−q) pair of eigenstates
of a given ±q is equally populated, no net current will be
achieved. This is because the individual net currents of
jq and j−q are equal and opposite, as c
jq
k±1,∓1 = c
j−q
−k∓1,±1.
III. RESULTS AND DISCUSSION
Let us assume that a narrow-band laser pulse reso-
nant with the transition between the absolute ground
state |00〉 and |j±q〉, i.e. with central frequency
ω = (Ejq − E0)/~, interacts with the system in its
ground state and transfers population to this pair of
eigenstates only. In this case, the vibronic wavepacket
after the pulse is
|ψ(t)〉 = A0(t)|00〉+Ajq (t)|jq〉+Aj−q (t)|j−q〉, (15)
where |A0(t)|2 and |Aj±q (t)|2 are the populations of the
ground and excited vibronic states. For a linearly polar-
5ized pulse |Ajq (t)|2 = |Aj−q (t)|2 follows, whereas a cir-
cularly polarized pulse results in a complete imbalance
with one of the two components receiving zero popula-
tion. This fact can easily be checked analytically and it
will be illustrated in the numerical results below. We can
further note that the dipole operator in Eq. (1) changes
the quantum number of the electron by ±1, and that the
ground state belongs to the q = 0 block. Hence, for weak,
perturbative pulses interacting with the ground state the
currents are restricted to the subspaces with q = ±1.
The discussion focuses on this one-photon limit case in
the following.
The question we ask is, what are the fundamental char-
acteristics of the ring currents that are generated by such
narrow-band pulses? Using that Pl(t) = |〈l|ψ(t)〉|2 in
Eq. (12) and assuming that the system is described by
the state in Eq. (15) one arrives at the ring current asso-
ciated with a pair of vibronic states
Jj1(t) =
~
4pi2Iθ
(
|Aj1(t)|2 − |Aj−1(t)|2
)
Yj1 , (16)
where Yj1 = |cj10,1|2 − |cj12,−1|2 and we have used the re-
lation Yj1 = −Yj−1 to separate the common factor. The
state-dependent molecular factor Yj1 can take values in
the range (−1, 1) and it corresponds to the imbalance
of positive versus negative electronic current of the |j1〉
vibronic eigenstate. Its value is uniquely determined by
the strength of the vibronic coupling of the system. In
the complete absence of coupling, right- and left-rotating
electronic contributions do not contribute simultaneously
to the same degenerate eigenstate because they are not
connected via the vibronic coupling terms, Eq. (7), in
the Hamiltonian. In this case, Yj1 = ±1. For strong
nonadiabatic coupling Yj1 → 0 and only a small current
within the j1 subspace is possible. Summarizing, the gen-
eration of a ring current within the degenerate space of
two vibronic states of the complete Hamiltonian requires
two ingredients: that the molecular factor Yjq is signif-
icant for the j±q states, and that an imbalance of the
populations |Ajq (t)|2 and |Aj−q (t)|2 is achieved by the
circularly polarized nature of the light interacting with
the system. Since, by assumption, only two eigenstates
with energy Ej1 are involved, such a current will be sta-
tionary (cf. Eq. (16)) once the laser pulse is over. Let
us consider now the case that the incoming pulse is short
and has sufficient bandwidth to overlap with transitions
to a group of optically bright vibronic eigenstates. In this
case, starting again from Eq. (12) and assuming that af-
ter the laser pulse the wave function consists of a linear
superposition of all states in the q± 1 blocks, one arrives
at a generalization of Eq. (16),
Je(t) =
~
4pi2Iθ
[∑
jq
(
|Ajq (t)|2 − |Aj−q |2
)
Yjq +
(
2<{A∗jq (t)Aj′q (t)} − 2<{A∗j−q (t)Aj′−q (t)}
)
Yjqj′q
]
. (17)
A derivation of the most general expression without the
limitation to the q = ±1 blocks is given in the support-
ing information (SI). After the pulse is over, oscillatory
contributions to the ring current arise from interferences
within each q = ±1 branch in the second term of the ex-
pression. Clearly, no quantum interference between the
different q blocks resulting in current oscillations takes
place. Moreover, a linearly polarized pulse creates the
same populations and phases in the two q blocks and
the terms in parenthesis vanish in the same as discussed
for the narrow-band pulse. A short, circularly polarized
pulse, instead, creates a superposition of states of either
the q = 1 or q = −1 branches, resulting in an oscillatory
ring current. The molecular factor in the second term is
now Yjqj′q = (c
jq
0,1)
∗c
j′q
0,1− (cjq2,−1)∗c
j′q
2,−1, the generalization
to two states of the product of the coefficients for each
current direction.
In order to generate net electronic currents according
to Eq. (17), the task is to identify and target specific de-
generate vibronic eigenstates that are characterized by
a net imbalance of the electronic current in each direc-
tion. For molecules with a C3 axis, this means to iden-
tify bright degenerate vibronic states |j±〉 for which the
molecular factor Yj = |〈E+|j+〉|2 − |〈E−|j+〉|2 is as close
to 1 (or -1) as possible. Here the E± diabatic electronic
states play exactly the same role as the l = ±1 electronic
states in the RRM.
Figure 1 provides the l = {−1, 0, 1} contributions
for the ground state and first eight excited states |jq〉.
For degenerate states, only the q = (1, 2) branches are
shown. The molecular factor for each state follows from
subtracting the right (purple) from the left (magenta)
columns. Only the states 0±1, 1±1 and 2±1 have a
non-zero transition-dipole moment (|µ00jq |2) with the 00
ground state. States 11 and 21 seem both good can-
didates to generate a ring current by applying a RCP
pulse. Recall that RCP and LCP pulses couple the
ground state to the q = +1 and q = −1 subspaces,
respectively. The molecular factor for 11 is about 0.4
for the considered model parameters, whereas it is about
−0.52 for the 21 state. This results in the counterintu-
itive fact that a RCP resonant with the 00 → 21 transi-
tion creates a left-circulating electronic current. This is
a consequence of the electronic-nuclear coupling. The
basis state |2,−1〉 has a larger weight than the basis
state |0, 1〉 in the vibronic state |21〉. However, this
6FIG. 1. Contributions of the electronic ground (l = 0) and
the electronic excited (l = −1 and l = 1) states for the first
few vibronic states. The transition dipole moment |µ00jq |2 is
non-vanishing for jq=01, 11 and 21
transition has a small Franck-Condon factor because
the main basis contributions to each eigenstate cancel:
〈00|µe|21〉 ≈ 〈0, 0|µe|2,−1〉 = 〈0|2〉〈0|µe|−1〉 = 0. There-
fore, in what follows, we study the situation in which a
RCP laser pulse is resonant with the 00 → 11 transition.
Figure 2 shows the current generated by pulses of var-
ious durations, ranging from 50 to 600 fs. Instead of
the net current, we plot the quantity J˜e(t) = Je(t)/γ(1−
P0(τ)), where γ = ~/4pi2Iθ and P0(τ) is the population of
the ground state after the pulse is over. This normalized
net current can take values between (−1, 1) and its in-
troduction serves two purposes. First, the normalization
by the amount of excitation induced by the laser makes
the results independent of the laser intensity in the per-
turbative regime. We have lowered the laser intensity to
an amount in which the normalized current becomes in-
dependent of the laser intensity. Second, it pinpoints the
fact that not all the population transferred to a vibronic
eigenstate contributes to the net current. This is limited
by the molecular factor. For example, a molecular factor
of 0.4 sets the limit of the normalized current associated
with this eigenstate to 0.4. The effect of the electronic-
nuclear coupling is studied by multiplying the coupling
constants in Eq. (4) by a factor λ in the [0, 1] range. A
long RCP in the full coupling case, Fig. 2(c), populates
exclusively the 11 state. It results in a stationary current
J˜e(t) limited to about 0.4 after the pulse, which exactly
coincides with the Y11 value. An admixture of the 1−1
state would reduce the amount of current with respect
to this theoretical maximum. Thus, as expected, the
RCP pulse couples exclusively to the q = +1 subspace
and achieves the maximum ring current permitted for
the 00 → 11 transition. As the pulse becomes shorter,
a superposition of the 01, 11 and 21 states is obtained
instead, leading to an oscillatory current. The oscilla-
tory current generated at the full coupling limit (cf. Fig.
2(c)) reveals changes in the direction of the ring currents
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FIG. 2. The normalized net currents (J˜e) at coupling
strengths λ=0.2 (a), λ=0.5 (b) and λ=1.0 (c), generated by
the action of RCP with different durations (τ), as function of
time.
in time, which originate from the joint contribution of
the basis states |0, 1〉 and |2,−1〉 to the vibronic states
11 and 21. Going back to the equivalent picture of the
χl(α, t) nuclear wavepackets in the BH representation of
the wave function, the coupling terms in the VCH Hamil-
tonian (6) couple the various l contributions and result
in the current oscillations, in which the nucleus and the
electron exchange angular momentum.
As the electronic-nuclear coupling diminishes for λ < 1
two effects are seen (cf. Fig. 2(a-b)). First, the nor-
malized net current after the pulse increases and ap-
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FIG. 3. The populations of |k, l〉 basis consisting of |0, 1〉, |1, 0〉 and |2,−1〉 states in the BH expansion of the three vibronic
states j1 = u (a), v (b) and w (c) as function of nuclear electron mass ratio (M/m), at the full coupling limit(i.e. λ = 1.0). In
(d), the stationary and oscillatory currents generated by the action of RCP with different durations (τ), as function of time,
are shown for M/m=20000 at λ = 1.0.
proaches a value of 1. With a reduced vibronic coupling,
the right-rotating component in the 11 vibronic state be-
comes more dominant, meaning that the molecular factor
approaches 1 as well. Second, the current generated by
the shortest pulse becomes less oscillatory and for λ = 0
(not shown) it does not oscillate at all. Even if the pulse
has enough bandwith to overlap with various states of
the q = 1 branch, only the one with the largest |0, 1〉
contribution has a significant transition dipole. Other
vibronic states in this branch, in contrast, have a negli-
gible Franck-Condon factor with the ground state as the
vibronic coupling is reduced.
Finally, we approach the question of the nature of the
generated currents from the point of view of the mass
ratio M/m between the nucleus and the electron, which
in the previous calculations was always set to 2000. As
the nuclear mass increases, the contribution to each elec-
tronic circulation direction in each vibronic eigenstate
(01, 11, 21) of the q = 1 block, shown by red and blue
curves in Fig. 3, tends to become equal, which brings
the molecular factor, shown in magenta, towards zero
in the M/m → ∞ limit. Essentially, the basis states
|2,−1〉 and |0, 1〉 become energetically degenerate and
contribute equally to the vibronic eigenstates. As we
discussed before, a RCP/LCP only permits transitions
into either the q = 1 or q = −1 branch, respectively, so
a stationary ring current is not possible in this limit (see
magenta line in Fig. 3(d)). Extending the argument to
the usual E × e molecular Jahn-Teller scenario, i.e. with
direct coupling between electronic states of E symme-
try, this corresponds to the situation where the nuclear
wave function localizes at the bottom of the Mexican hat
potential (see e.g. Ref. 36, Ch. 10) and has a negligi-
ble amplitude at the point in configuration space where
the diabatic electronic states are degenerate. In this BO
limit, no stationary ring currents can be generated by a
laser interacting with the ground state. The BO limit
should not be confused with fixing the nuclei at a spe-
cific geometry. Note that in the RRM and in the limit
M/m → ∞ the nucleus is still completely delocalized
along its coordinate α.
Even though stationary ring currents are not possible
in the M/m → ∞, the generation of an oscillatory ring
current remains possible using a short RCP/LCP pulse
of sufficient coherent bandwidth to excite simultaneously
the various states in the corresponding q = ±1 subspace,
8as can be seen in Eq. (17). The currents are shown in
Fig. 3(d) in red and blue curves. The vibronic eigenstates
do not support a ring current individually, but the off-
diagonal molecular factors Yj1,j′1 in Eq. (17) are not zero,
as can be seen by inspecting the different values of the
coefficients for the same basis state in Fig. 3(a-c). All
vibronic states with q = 1 have some non-zero contribu-
tion of the basis state |0, 1〉 and therefore all transitions
00 → j1 are allowed. However, the time-averaged ring
current vanishes (see Fig. 3(d)) because each vibronic
state in the linear superposition carries the same weight
for both electronic circulation directions. Hence, in this
BO limit, it is not possible to permanently favor one cir-
culation direction over the other. This may not be as
dramatic as it sounds, as the mass ratio between nuclei
and electrons is not infinite, and because the vibronic
coupling is not infinitely strong either, thus in general al-
lowing for the existence of vibronic states in the q = ±1
subspaces (E± vibronic states in molecules) that favor to
some extent a specific circulation direction of the elec-
trons.
IV. CONCLUSIONS
We have analyzed in detail the generation of station-
ary and oscillatory ring currents in a model system fea-
turing the necessary symmetry conditions to support
ring currents that are required in more complex sys-
tems as well as a transparent vibronic coupling mech-
anism. In the spirit of the Moshinsky-Kittel37, the Shin-
Metiu38 or Loguet-Higgins models30, the RRM Hamilto-
nian allows for both analytical considerations and ex-
act numerical solutions, both within and beyond the
BO approximation. Electron-nuclear interactions hin-
der the maximum amount of stationary ring current that
can be achieved by applying long, circularly polarized
pulses. We characterize this intrinsic limitation to the
maximum ring current through state-dependent molec-
ular factors that correspond to the difference between
right- and left-circulation contributions of the electrons
in a specific vibronic state. These molecular factors de-
pend on the strength of the nonadiabatic coupling be-
tween electrons and nuclei. Short, circularly polarized
pulses with sufficient bandwidth lead to oscillatory cur-
rents created by the superposition of vibronic eigenstates
within the same symmetry block of the complete Hamil-
tonian. In the limit of a large nuclear-electronic mass
ratio, where the BO approximation is fulfilled, degener-
ate pairs of vibronic eigenstates cannot support station-
ary currents and the oscillatory currents generated by
RCP/LCP broad-band pulses average out to zero over
time. The observations made on the RRM system are
general and have consequences for applications of laser-
generated ring currents in molecules and materials.
V. SUPPORTING MATERIAL
See the SI for the derivation of the general expression for
the oscillatory currents.
VI. DATA AVAILABLE IN ARTICLE OR SI
The data that supports the findings of this study are
available within the article [and its SI].
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